Carbon sequestration-the process of moderating global climate change by removing carbon dioxide from the atmosphere and storing it in long-term mineral, organic, and oceanic reservoirs-is an important ecosystem service provided by protected natural areas. One type of carbon sequestration that has received attention in recent years is vegetative carbon sequestration, which is the sequestration provided through plant growth. While a number of countries have developed estimates of their national vegetative carbon sequestration capacity, no estimate exists for the National Park Service (NPS) administered areas, 85% of which are vegetated.
Introduction
The U.S Government is the nation's largest landowner, controlling some 640 million acres nationwide. The National Park Service (NPS) manages 13% of this land area, including 84 million acres distributed across all 50 states. 2 The mission of the NPS has two goals: to preserve these natural and cultural resources "unimpaired", and to do so "for the enjoyment, education, and inspiration of this and future generations".
Traditionally, efforts to measure the economic value of the National Park Service units have focused exclusively on the second part of that mission: the impact to the economy generated through visitation. Two economic models developed and used by the Parks Service, the "Money-Generation Model" (MGM) and its successor the "Visitor Spending Effects (VSE) Model", calculate the economic contribution by analyzing the number of visitors to a park, the average spending per visitor, and the multiplier effect of each dollar in the local economy.
3 This type of analysis continues today with studies (such as Catherine Cullinane-Thomas and coworkers in 2014). 4 There have also been studies such as that by Christopher Neher et al. in on the economic value to the visitors themselves. 5 The MGM/VSE approach is the only systematic, nationwide, periodic reporting on the economic contribution generated from the NPS.
While these studies capture some of the economic effects of the NPS economy, they are not intended to estimate the significant value generated by the NPS through its stewardship mission. NPS provides a significant amount of ecosystem services, such as watershed protection, erosion control, fire management, and carbon sequestration. However, the economic value of these services has never been studied. This paper provides a first-ever analysis of the contribution provided by NPS in an important ecosystem service related to its stewardship mission: vegetative carbon sequestration.
We chose to focus on ecosystem services for four reasons. First, ecosystem services are directly linked the NPS mission. Effective delivery of ecosystem services is closely related to the preservation of intact environments. This supports the mission of the NPS to preserve America's natural treasures for future generations 4 Second, these services are relevant to a broader group of constituents because their benefits often spread far beyond park boundaries and accrue to everyone regardless of whether they visit the park units or not. While the exact value of these ecosystem services depends on many site-specific factors, they provide critical and typically underappreciated services to communities in every ecosystem. 6 Third, the benefits derived from ecosystem services are vulnerable to change. Maintaining healthy ecosystems depends on the availability of funds to intervene when pests need to be controlled, disasters strike, or opportunities for restoration arise. As ecosystems degrade, some may reach tipping points where costs increase dramatically or restoration become impossible. Valuing ecosystem services helps to justify the resources needed now to sustain them for the future.
Finally, it is important to understand these benefits in the context of America's overall commitment to the environment. Valuing ecosystem services on federal lands is evidence of the U.S. commitment to fulfill international climate and environmental goals, such as the recent U.S.-China joint statement on climate change announcing new carbon reduction targets by both countries. 7 This estimate of NPS carbon sequestration services should be viewed as conservative . Our study excludes non-vegetative carbon sequestration that is occurring in the marine units of the NPS, such as in the coral reefs of Dry Tortugas, Virgin Islands, American Samoa, and Biscayne National Parks and through other marine pathways. 8 It also excludes carbon sequestration that may be occurring through abiotic pathways, such as on barren rocks through chemical reaction with the atmosphere. Both of these have the potential to be significant carbon sinks; at present neither have been evaluated on NPS lands. Additionally, in the realm of vegetated areas, we have limited analysis to areas classified by the 2011 National Land Cover Database (NLCD) as Forest, Wetland, or grassland/shrubland. 9 This excludes some areas, such as dune vegetation and sparsely-vegetated desert areas as well as some fields and grasslands, which may be listed 5 as agricultural or developed. In the case of maintained landscapes, such as the National Mall and many smaller historical sites and battlegrounds, we have excluded these areas completely.
Thus the total value of all carbon sequestration in the NPS is likely to be significantly higher than the $707 million per year we have identified that is attributable to vegetative carbon offsets alone. The methodology we have introduced here may be extended to other areas of the NPS and to other protected ecosystems in future studies. 10 Our study is one of the first to try to estimate the economic value of non-visitation services in NPS, and we have focused on a specific subset of ecosystem services. The NPS also contributes economic value in a variety of fields, such as intellectual property scientific research, education, botanical and wildlife species conservation and historical preservation. These areas merit further study, which is likely to find substantial additional reservoirs of economic value generated by NPS and its programs. 6 
Selection of Vegetative Carbon Sequestration for Valuation
There are many types of ecosystems, and within them, many types of ecosystem services that may be selected as targets for possible valuation. The United Nations Environment Programme Millennium Ecosystem Assessment has grouped ecosystem services into several large bundles that are summarized in Table 1 
Supporting Services
Services necessary for the production of all other ecosystem services
The NPS has an impact across many of these categories. Of course, quantifying each ecosystem service is a separate research endeavor in and of itself. In this paper we focus on vegetative carbon sequestration related to the climate regulation service. This is not to say that vegetative carbon sequestration is the only or most important way the NPS contributes to climate regulation. However it has four key advantages for analytical purposes:
1) National Data Sets. Nationwide, up-to-date federally prepared datasets are available for all key variables needed for quantification and valuation.
7 2) A Defensible Methodology for Calculating Value. A clear method capable of estimating the scale of the potential benefit was available. Calculations are further simplified by the fact that the price for a ton of carbon emissions or sequestration is constant nationally. This is true because we all share the same atmosphere, which is fairly uniformly mixed with respect to CO 2 . The atmosphere is the ultimate commons. No matter where a ton of carbon is added or subtracted to the atmosphere, it will eventually affect all other parts of the country irrespective of state and local boundaries. This valuation is unlike many other ecosystem services, whose costs and benefits are highly localized and dependent on local factors such as regionally dominant industries. For example, pollination services are valued more highly where agricultural areas are nearby than if they are located in remote high alpine meadows.
3) Clear Assignment of Cost and Benefit. Since plants are not mobile, the NPS is the unambiguous generator of the benefit as well as responsible for the cost of maintenance and preservation of the asset. Unlike the MGM/VSE model, where proximity to a park determines the amount of economic contribution, ecosystem services broaden the cohort of NPS beneficiaries.
4) The Service is Broadly Applicable to all NPS Units. Vegetative ecosystems are found in nearly all of the NPS units, especially the iconic parks, monuments, preserves, reserves, and recreation areas associated with the NPS.
This paper examines carbon sequestration on NPS-administered lands within the continental United States (CONUS), excluding approximately 54 million acres of land located in Alaska administered by the NPS. 12 The reason for this omission is that data on carbon sequestration rates in Alaska have not yet been released 13 .
The potential impact of this omission on total net carbon sequestration across all NPS lands is unclear. As the arctic warms, peat and other accumulated vegetation may start to decompose, releasing greenhouse gases. However, increased temperatures may promote greater vegetation growth, sequestering more carbon. A further complication arises from Alaska's wide variety of ecosystem types, from temperate rainforests in the panhandle to deep tundra in the Arctic Circle. Accordingly, the impact of warming temperatures will likely vary across the NPS holdings throughout Alaska. Consequently, it is difficult to estimate the net impact of climate change across the state of Alaska at this time. 
Methodology
The method used in this study looks at each NPS unit individually and applies a formula:
Net ecosystem carbon balance rate x area = volume of carbon.
Other approaches have been used in different national studies, which fit both the different types of data available in each country and the differing policy goals of each analysis. 14 We believe the present approach is the clearest and best suited to our available datasets and our goals. An alternative calculation method is considered in Section 5.
As a first step we estimated total annual economic value of carbon sequestration based on historic data using the following calculation:
i. We determined the total forest, grassland, and wetland acreage in each NPS unit (excluding other land cover types such as ice and developed areas). ii. We then looked at the location of each park to determine its correct ecoregion. Is it in the Temperate Northeast? The cold deserts of the Western Basins? The rainforests of the Pacific Northwest? iii. We determined the relevant net ecosystem carbon balances (NECBs) rate for each ecosystem and ecoregion -how much carbon on average an acre of forest, grassland, or wetland vegetation in that ecoregion transfers from the atmosphere to terrestrial storage per calendar year. iv. We multiplied the total area of forests, wetlands, and grassland in each park by the ecoregion appropriate carbon sequestration rate, and summed carbon sequestered in the three vegetation types to get the grand total tonnage of sequestered carbon for each NPS unit. v. Finally, we multiplied this volume by a social damage cost per ton of carbon to compute the economic value of the storage service. vi. We repeated the process for each NPS unit. The sum of the total creates the estimated annual national economic value for the ecosystem service.
As a second step we estimated the economic value of future NPS carbon sequestration using a projected average carbon sequestration rates for 2006-2050 and assumptions about future discount factors that are further discussed below. Ecosystem types were aggregated into three classes: forests, grasslands, and wetlands. All other land cover types, such as developed and agricultural areas, were excluded from further analysis. Since the lands in question are administered by the NPS, the share of developed and agricultural lands is minimal (typically <5%) for larger parks. 15 Areas categorized as open water, barren, or perennial snow/ice were also excluded because no national peer-reviewed dataset of carbon sequestration rates for such areas is available. However barren areas can sequester carbon through a series of reactions between minerals and acidic rainwater. Aquatic life, such as corals and foraminifera, also plays a large role in the global carbon cycle. Accordingly, the exclusion of these areas makes our estimate additionally conservative. 10 accounted for? This parameter, known as the "net ecosystem carbon balance" (NECB), captures the rate at which carbon is exported from the atmosphere and into storage in the living vegetative layer (biosphere) where it can rest for hundreds of years and for longer in the pedosphere (soil layer) of the earth. The NECB is influenced by both how much carbon plants can store in a year and also by how much is released by disturbances and decay. Climatic variables such as rainfall and temperature exert the most direct influence on vegetative growth, while fire, disease damage and recreational activities (trampling, uprooting, broken branches, and so forth) also have an impact.
Regional, ecosystem-and climate-specific net NECBs are available from USGS LandCarbon National Assessment Program (http://www.usgs.gov/climate_landuse/land_carbon/), a Congressionally-mandated assessment included as part of the 2007 Energy Independence and Security Act. 16 The USGS LandCarbon NECBs are based on historical data for the period 2001-2005 using variables such as fire frequency and severity, rainfall and temperature data as model inputs. Since plants take up carbon from the atmosphere as they grow, climatic variables such as temperature, water availability, and growing season have a large impact on the NECB of a region. Disturbances, such as wildfires, also affect the NECB because of the large amount of carbon that can be released during such events.
Since the climate of the United States is so varied, the LandCarbon National Assessment divides the CONUS into 15 regions (see Figure 1 below). These correspond to the EPA Level II ecoregion boundaries. Ecoregions are defined by both biotic and abiotic factors, such as climate, soils, and vegetation assemblages. 17 For each ecoregion, LandCarbon provides the NECB for several different types of land cover, including forest, grassland/shrublands, wetlands, and agricultural use.
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Baseline NECBs are calculated using three different models (a spreadsheet model, an erosiondeposition carbon model (EDCM), and the CENTURY model) linked to a General Ensemble Biogeochemical Modeling System (GEMS). The models are run for each year of the baseline period. 19 The minimum and maximum output of each model was reported for the Western The projected NECBs were calculated as the difference between the carbon stocks in adjacent years. The annual projected NECBs for the period 2006-2050 were then averaged for each model run. The result is the total average NECB for the entire period 2006-2050 rather than any specific year. For the Eastern US Region, the minimum, average, and maximum NECBs resulting from these 21 models are reported. For the Western region, only the minimum and maximum results are reported. For the Great Plains ecoregion, only the average is reported.
26 A summary of the future NECBs is shown at Appendix 1.
Alternate Data Processing Methods
In addition to the data contained in the four released LandCarbon reports, the LandCarbon team has also, through the LandCarbon website, 27 released additional raw data and model outputs as well as created an interactive map/data interface. This makes it possible to limit the NECB analysis area solely to the footprint of the NPS units, without needing to use the ecoregion/ecosystem NECBs reported in the LandCarbon reports that are created using data for the entire ecoregion (i.e., with data from both inside and outside of NPS units).
We would expect that, if this alternative method using NECBs created solely from in-park data were used, aggregate CO 2 storage tonnage would remain within the same range as reported here. However we have chosen to use the LandCarbon report data for two reasons. First, it significantly reduces workload burden because no additional calculations are needed, which may make the use of this method more attractive to the NPS and other government agencies with similar conservation missions (the Fish and Wildlife Service, the Forest Service, etc.). Second, by using data from both inside and outside of the parks, drawing upon a large area, these ecosystem rates average out of some the spatial and temporal heterogeneity inherit in measuring NECBs, lowering the peaks from areas with bumper years and raising the troughs of areas under drought and other stresses to provide a better long-term average idea of what might occur in a given NPS unit. While a small area such as a park may experience a few very good or very bad years with respect to carbon sequestration (due to droughts, etc.), it is unlikely these effects will impact the entire ecoregion. Accordingly, we believe the ecoregion average estimates of NECB in the LandCarbon reports may give a better estimate of the 'average' NPS contribution than an estimate clipped to the actual park boundaries and based on a baseline of only five years (2001) (2002) (2003) (2004) (2005) . Clipping the boundaries in this way could result in negative carbon sequestration estimates for NPS units for the period [2001] [2002] [2003] [2004] [2005] . While this makes sense over the short-term, over the long-term, all vegetative environments sequester carbon, or at least remain carbon neutral.
Social Damage Cost of Carbon
A key set of assumptions in our calculation is the social damage cost of carbon and the discount rate applied to value future carbon sequestration. For the dollar valuation, we use the 2013 update of the Executive Order 12866 Interagency Working Group estimate of the Social Cost of Carbon, which determined a price of $40.45 per metric ton of carbon.
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In this paper we use a 3% discount rate, which aligns our study with the recent Regulatory Impact Analysis (RIA) for the EPA's Clean Power Plan-a major new piece of greenhouse gas regulation-that also uses a 3% discount rate. 29 The Interagency Working Group produces estimates of the SCC using a 2.5%, 3%, and 5% discount rate in order to calculate the present value of future carbon damages resulting from current emissions. We recognize that there is wide disagreement on the proper discount rate for SCC estimates, in part because of the very long time horizons involved and because of intergenerational equity concerns. Assumptions for the most appropriate discount rate range cover a wide range. For example, Lord Nicholas Stern used 1.4% in his 700-page landmark 2007 study of climate change, while Yale economist William Nordhaus has used an estimate of 4.3%. 30, 31 Sunstein and Weisbach 32 provide an excellent summary of the thinking behind the various approaches to the discount rate. 14 From a global perspective, the U.S. estimate for the social cost of carbon is somewhat lower than other national estimates. The mean price from a review of all peer-reviewed literature is $43 per ton. However a literature review of 103 SCC prices by Richard Tol in 2005 range from $14 to $165 (upper 90% confidence interval) with a mean estimate of $93 a ton 33 . Differences between models result from a wide range of factors, including differences in assumptions and models for adaptation costs, the impact of changes on the developing world, and future technological change.
A potential problem with the Interagency SCC discount rates is that they are assumed to be constant over time. Nordhaus 34 suggests that for long-horizon problems, such as the SCC, a declining discount rate is more appropriate. Using a declining discount rate would result in a higher SCC; therefore our use of a constant 3% may be viewed as conservative.
Outside the choice of discount rate, there are three other potential methodological issues that should be considered when applying the SCC, which may make the Interagency SCC estimate too high or too low compared to the true SCC. These include the global nature of the estimate, the comprehensive nature of the estimate, and poor handling of catastrophic damages.
a. Global estimation of damages. The interagency SCC estimate takes account of the damage per ton of emissions caused not just in the United States but globally. This reflects the reality that climate change is a global problem given the interconnected nature of global supply chains, food, oil, capital, and other markets. This could potentially differ from the purely domestic economic cost of a ton of carbon in the United States.
b. Comprehensiveness of the SCC. Some potentially important impacts of climate change are not accounted for in the interagency carbon cost modeling. The interagency approach tries to account for all damage resulting from carbon emissions, regardless of what sector they impact, by using three of the most widely used and respected Integrated Assessment Models (IAMs) 35, 36, 37 . Such models link physical changes in temperature and other climate variables to economic changes across a broad range of human health, agriculture, capital, ecosystem services, and 15 other sectors. However the approach is still by no means comprehensive, in part because climate change researchers still lack a solid enough scientific and economic understanding of many processes to be able to include them in IAMs. IAMS (including these three) are likely to exclude environmental impacts such as ocean acidification and permafrost melt because our understanding of these complex ecological processes is still rudimentary.
As a result of excluding these processes, the SCC may be too low because it does not account for all of the cost impacts. For example, ocean acidification will impact coral reefs such as those in Biscayne National Park, National Park of American Samoa, and Dry Tortugas National Park. NPS, along with other conservation agencies and state and local governments, may respond through conservation programs for threatened corals or related marine species, research efforts to develop possible responses, or increased policing of fragile or weakened coral areas. None of these costs borne by federal, state, and local governments or by individuals associated with these activities are currently captured by the SCC.
c. Catastrophic damage. The selected IAMs do not do a good job capturing the potential for catastrophic damages such as floods and fires or their associated restoration costs. For example extensive damage from Hurricane Andrew resulted in Everglades National Park being listed as a World Heritage in Danger site by the United Nations Educational, Scientific and Cultural Organization (UNESCO), the only site on the list in the United States and Canada. 38 The result is an additional conservative bias in resulting SCC calculations. Compounding this bias is that catastrophes may push ecosystems past tipping points, either making restoration impossible or greatly increasing the costs.
The Results: Baseline Assessment
Using the baseline carbon sequestration rates from the period 2001-2005 and the method outlined above, we calculated the present-day annual carbon sequestration value for the NPS units in the continental United States (CONUS). We excluded a small number of NPS units due to data gaps or data quality. These are all small in size (accounting in total for less than half of one percent of total NPS CONUS land area) and thus not material in the overall calculation. The results of our analysis are summarized in Table 2 below; a unit-by-unit breakdown is provided in Appendix 2. A visual summary of Table 2 is also presented in Figure 2 . 40 The average annual sequestration is estimated to be nearly 17.5 million metric tons of carbon dioxide, providing over $700 million dollars of ecosystem service value. The parks, preserves, reserves, recreation areas, and rivers alone sequestered 92% of the annual total, or 16.0 million metric tons of carbon dioxide, with two-thirds of the total coming from units designated as parks alone. Nearly one-fifth (18.6%) of the total sequestration in all NPS units occurs in Everglades National Park and adjacent Big Cypress National Preserve. A listing of all the individual NPS units that contribute at least 0.5% of the total baseline carbon sequestration is provided in Appendix 2 in order to help more fully understand where the bulk of carbon sequestration services in the NPS are occurring.
There is a wide range -a more than seven-fold difference-between the maximum and the minimum estimates shown in Table 2 . Unfortunately, the LandCarbon data source does not provide confidence intervals for its NECB data. This is because some of the model inputs do not have well-bounded error ranges and because the models used to generate the output are not fully integrated. Rather, LandCarbon chose to use a selection of models to generate the greatest likely range, in their professional opinion, of potential outcomes. Comparing Carbon Benefits to the NPS Budget
To provide a comparison to these social benefits of $707.86 million, the NPS enacted budget in 2014 was approximately $2.5 billion. 41 Of the total, the vegetative carbon sequestration generated by NPS units and activities in the CONUS offset more than one-quarter of the funds taxpayers spent for the entire NPS system. It is important to keep in mind, however, that this is simply one ecosystem service. As mentioned above, we have excluded carbon sequestration in marine units of the NPS, as well as in abiotic pathways, Alaska, and some small park holdings. We have not studied the wider range of other ecosystem services such as watershed protection. The full range of ecosystem services provided by the NPS system would almost certainly contribute a far higher dollar amount. 
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NPS' actual total operations are funded through a complex mix of sources (including federally appropriated funds, income from concession fees and private contributions) and in-kind donations, including the donated efforts of more than 200,000 volunteers. The federally funded portion of the NPS budget has been declining in real terms for the past decade, and is 9% below the enacted levels of a decade ago. 42 Due to the NPS's dual mission of stewardship and public recreation, much of the NPS spending is by necessity devoted to activities related to its visitors, including ranger interpretation, visitor centers, visitor safety, visitor amenities (such as trails, signs, displays, restrooms, drinking fountains, etc.), and basic annual maintenance. Mounting budget pressure has forced NPS to delay capital maintenance, cut staff, and defer investments in resource protection. The federally appropriation specifically designated purely for "resource stewardship" in 2014 was only $329 million-less than half of what NPS units produce directly in vegetative carbon offsets.
Of course, much of this sequestration occurs naturally. We do not have an estimate of how much of the carbon sequestration benefits depend on active NPS management and inputs, Certainly some of the carbon sequestration benefits would be lost as some of these lands would be developed for resorts (e.g., hotel complexes) or even mined or logged or were neglected by owners who were not dedicated to protecting the natural capital in the acreage. As a second step, we estimated the present value of future NPS carbon sequestration. We utilized the same methodology as for the baseline estimate reported above, except this time using the predicted average carbon sequestration rates for the period 2006-2050. In order to keep the two estimates comparable, we kept the same restrictions and classification scheme of NPS units as the baseline. One important methodological point to note, however, is that the future estimates show the average annual NECB for the period 2006-2050, not just the NECB for the year 2050. This makes the attribution of economic values much more difficult, because the SCC cost increases non-linearly with time. While the same approach is used for the baseline period 2001-2005, the time period is much shorter and the practical effect of this approach is negligible. As a result, dollar values have not been applied to the future predictions. Instead, we provide the future estimated tonnage as a basis for comparison.
Reporting volume rather than value addresses an additional complicating factor. Where the overall tonnage of carbon sequestered by the NPS decreases over time, but price increase in the SCC more than offsets the decline, reporting the results in dollars may mask decreases in absolute sequestration. Reporting future estimates as tonnages makes it easier to assess progress toward a climate stabilization goal.
Predicted future carbon sequestration rates (NECBs) are generally lower than baseline rates because the climate is expected to warm and to become more variable in the future, placing increased stress on vegetation from both hotter temperatures and a less predictable precipitation. Such stresses will translate into lower vegetative growth rates because vegetation has adapted to its environment over time and cannot in general adapt easily or quickly to different temperature and water regimes. 43 Drier, hotter summers also increase the potential for wildfires. In addition to releasing large amounts of carbon back into the atmosphere during the actual fire, changes in fire frequency can lower the long-term carbon sequestration rate because very young forests often have lower NECBs than middle-aged and mature forests. There is a wide and somewhat unpredictable future trajectory. Our best estimate is that these variables will produce a an average loss of 0.2 metric tons of carbon sequestration rate averaged over all national park acres in this study, in the period through 2050.
Future predictions are summarized below in Table 3 and are listed unit-by-unit in Appendix 2. Baseline estimates from Table 2 are duplicated in order to make comparison easier. The key assumptions in the NECBs are that the climate is warming along the trendlines identified by the UN Intergovernmental Panel on Climate Change, that consequently the incidence of destructive fires in NPS units will increase, and that there will be no fundamental changes to NPS ecosystem management in response to these environmental changes. Of course, it is likely that NPS will adopt new approaches to respond to these threats. However based on the NECB assumptions the total sequestration on all NPS units in the CONUS from The NECB's worst-case future scenario is extremely unlikely; it assumes a sharp rise in global temperatures, a "status quo" set of policies at NPS, and it fails to incorporate into its model that certain ecosystem shifts due to climate change may alter boundaries in ways that do not reduce net carbon sequestration. For example, an acre of unhealthy forest may become an acre of healthy meadow. In this scenario, NPS' stock of accumulated carbon in plants and soils is released into the atmosphere through fires, desertification, and other means, making NPS a net emitter over the period 2006-2050 unless it is able to take climate mitigation actions.
As shown in Table 3 the overall distribution of sequestration across unit types is predicted to remain virtually unchanged despite the smaller size of the overall pie. However, this way to cut the data masks important underlying differences in the sequestration capacity of NPS units. As can be seen in Table 4 (below), losses in ecosystem carbon sequestration capacity are not level across all ecoregion types. 44 The loss of capacity is spread evenly across most regions except for the Mississippi Alluvial and Southeast Coastal Plains, where sequestration remains more or less unchanged. Large losses occur in the Warm Deserts, which are the only ecoregion to become a net emitter based on future (2006-2050) average predictions. Additional water and heat stress in an already marginal environment may be the cause of this reversal. The estimates in Table 4 reinforce the need to examine the spatial and temporal heterogeneity in carbon sequestration rates across the NPS in order to understand how to manage and intervene most effectively in the future in order to preserve this ecosystem service. The two largest areas of potential concern suggested by this analysis-forests of the Western Cordilla and the Warm Deserts of the Southwest-are distinct environments whose predicted decline in ecosystem service capacity by 2050 is likely the result of different environmental forcing factors. To protect this ecosystem service, each area will require a customized approached to ecosystem intervention, underscoring the spatially heterogeneous nature of climate change impacts. There is no one-size-fits-all solution and further research is needed by the NPS and others in order to understand our ability to manage this and other ecosystem services for public benefit.
Preserving Future Carbon Sequestration Capacity
Much of the impact of climate change will be difficult if not impossible for humans to reverse. However it is likely that NPS action could mitigate some of the decline in lands it controls. NPS has a complicated challenge given its dual mission to promote recreation as well as to protect ecosystems. For example, the agency needs to balance its efforts to protect the Giant Sequoias in Kings Canyon and Sequoia National Parks with its mission to enable people to see these great trees. As evidence of this, NPS has recently needed to renovate trails in some groves when it found that foot traffic compacting soil in root zones was negatively impacting the ability of the trees to absorb water and nutrients.
If we assume, to be conservative, that NPS actions could prevent 20% of the predicted decline in sequestration capacity, an additional 545,008 metric tons of CO 2 per year would be stored annually over the period 2006-2050. At present-day social cost of carbon this represents a $22 million carbon damages avoided (e.g., benefits received).
What can the NPS do to preserve carbon sequestration capacity for the future?
The NPS already performs many types of activities that help improve the health of ecosystems in its care, such as manual removal and controlled burns among other measures. However there are three broad areas where increased NPS efforts are likely to make a positive impact on carbon sequestration: managing invasive species, recreation management and education, and improved science-based understanding. Additional funding would enable NPS to increase efforts in all three categories with an important potential payback in terms of higher carbon capture.
a. Managing Invasive Species. Ecosystems in the United States are under threat from hundreds of introduced pests that pose significant risks to ecosystem health and stand to make a potentially large negative impact on carbon sequestration capacity. 45, 46 This is both because invasive species kill or displace native species, potentially lowering carbon sequestration capacity, and because some invasive species increase the frequency and severity of wildfires by 45 Alan Hall. "Costly Interlopers-Introduced species of animals, plants and microbes cost the US $123 billion a year. " InFocus Feb 14 (1999) . 46 Heather Charles and Jeffrey S. Dukes. "Impacts of invasive species on ecosystem services." Biological invasions. Springer, 2007. 217-237. 25 providing fuel. 47 More invasive species are likely to be introduced into the United States in the future, making this a growing problem.
In some cases, infestations do not have solutions, and NPS works to fight the spread on infestations and ensure that restoration remains possible in the future. For example, in the case of highly destructive diseases, such as Balsam woolly adelgid, the NPS also works to preserve genetic diversity of the threatened species-Balsam Firs-by collecting seeds and plants, and maintaining them off-site and in seed banks so that the Balsam fir can be reintroduced if and when a permanent solution is discovered. Figure 3 shows an example of the damage invasive species can inflict of forest ecosystems. currently no known feasible large-scale control methods exist. The NPS maintains some small refuge areas where intensive insect control is practiced in order to provide seed populations and maintain genetic diversity if a permanent solution is ever found. Photo by Tara Varghese.
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When solutions do exist, NPS sometimes actively works to restore ecosystem to their pre-infestation quality. For example, Tamarix, or saltcedar, is an invasive shrub or small tree common across much of the American southwest. Tamarix can prevent establishment of native plant species, consume more of the regions' scarce water resources than native plants, increase the chance and severity of wildfires due to its copious litter droppings, alter riparian habit decreasing suitability for aquatic species, and decrease visitation values by making navigation difficult and blocking views. While numerous control options are under study, one highly-effective (although labor intensive) management technique to reverse the infestation is manual removal of plants in affected areas. Management of Tamarix in the Lake Mead National Recreation Area began in 1988. Since 2000, Lake Mead National Recreation Area has deployed teams of exotic plant management teams to help control Tamarix as well as other invasive species. To date, Tamarix have been cleared from more than a dozen drainages within the recreation area, with cleared area monitored every 1-3 years to ensure they remain uninfested and native plants reestablish on cleared areas. another way the NPS works to maintain carbon sequestration capacity. By limiting access to sensitive areas, vulnerable vegetation is protected from trampling, fragile soils are preserved and erosion into wetlands and rivers is avoided. NPS currently devotes considerable resources to protecting these areas, through trail maintenance, visitor education, signage, designated campsites, construction of barriers, fire prevention and other efforts.
For example, Everglades National Park is currently finalizing a seagrass management plan. 49 Florida Bay is a popular place for recreational boating and fishing. However, due to the shallowness of the Bay (less than 4 feet on average) recreational boaters familiar with much deeper water common in coastal areas and lakes elsewhere pose a significant threat to seagrass communities on the floor of the Bay. Such seagrass communities are an important nursery environment for aquatic life as well as a significant carbon sink. At least 325 miles of propeller scars, which form when boat propellers scrape against the bay bottom, have been mapped by the NPS (although at least one study indicates the total estimate for the entire Bay may be as much as 10 times greater). 
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Management options explored in the management plan that will improve and retain carbon storage capacity include improved signage for navigable channels within the park, improved boater education so that visitors and recreational boaters can understand their role in preserving the park's unique environments, and temporary closure and restoration of damaged areas.
However, over the past decade staff reductions and reduced funding for maintenance and mitigation projects (such as the seagrass plan) have contributed to a backlog of challenges. The increasing risks that are expected due to climate changes will make it even more important in the future for NPS to mitigate the harm that visitation can introduce into fragile ecosystems.
c. Improving Science-Based Understanding & Research. In many cases, even when a problem is identified, scientists simply do not have enough information to know how to best preserve what we have. Famously, poor fire management practices of the past century focused on suppressing all fires and led to the conditions that fuel intense mega-fires today. These fires have seriously damaged many national parks and the ecosystem services they provide, above and beyond the normal disturbances expected from a natural fire regime.
Research can document existing vegetation patterns, so that even if solutions cannot be found today, at some point in the future the impacted areas can be restored to their original condition. This is especially true when many ecosystems are venturing into unknown climate territory, where a detailed understanding of how these ecosystems operate is our best chance of ensuring their survival.
The NPS documents existing park inventories and often acts as a locus for research. For example, the South Florida Natural Resources Center is working to locate or create the technical information needed to make informed decisions as part of the multi-billion dollar Comprehensive Everglades Restoration Plan. Determining the water quantity and quality needed to maintain the health of the everglades will help ensure oxidation of accumulated wetlands soils which occurs when soils dry out, and prevent associated massive CO 2 emissions.
Applicability to Other Federally-Owned Lands
To what extent is the method developed here applicable to other federally controlled lands? Since ownership goals variety by controlling body, the applicability of this method also varies widely. While the method is highly applicable to the Fish & Wildlife Service and the U.S. Forest Service, it is less suited for use on Bureau of Land Management lands, and not suited for use on Department of Defense lands.
a. Fish & Wildlife Service (FWS):
The method outlined in this paper is well suited to determining carbon sequestration on lands administered by the FWS. This is primarily because the FWS mission is largely concerned with conservation and restoration, with recreational and other uses (timber harvesting, energy development) allowed only where these are compatible with conservation and restoration goals. 51, 52 The FWS itself has also recognized the applicability of the LandCarbon data, cooperating with the LandCarbon team on data collection efforts and investigating the potential for LandCarbon data to be used to target high-priority parcels for acquisition and restoration.
53 FWS also has prior experience with carbon credit schemes, having used public-private partnerships based on carbon credit value created by habitat restoration as a means for funding projects, with particular success in the Mississippi River Valley region.
54,
One area where this method may be valuable is the recently designated 89 million acre Papahānaumokuākea Marine National Monument, which is under the administration of U.S. Fish and Wildlife Service, the National Oceanic and Atmospheric Administration, and the Hawai'i Department of Land and Natural Resources. The method used in this paper could be applied to this marine resource if a peer-reviewed set of NECBs for marine ecosystems were available. If such a data source were available, U.S. FWS may be able to demonstrate a large potential ecosystem service benefit, given the high productivity and large size of the monument.
b. Forest Service (USFS): While the method in this paper is applicable to Forest Service lands, the Forest Service has already developed its own detailed carbon sequestration methodologies including sequestration rates for 51 forest types in 10 different regions of the country. These estimates were developed as part of the forest inventory and analysis national program, a long-running program providing technical guidance on how to assess the health of the nation's forests. 55 Parts of the detailed data already collected by the Forest Service were used by LandCarbon either directly in their modeling or as a comparison to ground-truth outputs. Assessments by the Forest Service include the effects of harvesting on forest health and growth rate, which do not occur on National Park Service Lands. diversity, and productivity of the public lands" 56 encompasses a wide range of activities, from the livestock grazing, mining and coal leases, timberlands harvest agreements, and renewable energy project permitting to conservation, restoration, and outdoor recreation. While some of these roles support longterm carbon sequestration, others may promote degradation of landscapes or release of stored carbon. As a result, the methodology developed here may be applicable to only a subset of BLM holdings, but is not likely applicable to all lands managed by BLM.
d. Department of Defense (DoD): The method described here may not be appropriate for DoD lands. While the DoD does have a Natural Resources Program, it generally aims to conserve lands only to the degree required by law (for threatened or endangered species) or to the extent needed to maintain a realistic combat simulation environment. Maintaining the healthy functioning of the ecosystems is not a listed priority. As a result, the long-term carbon storage capacity of DoD lands is not best reflected by the method outlined in this paper.
Conclusion
This paper provides an estimate of the economic value created by vegetative carbon sequestration in the major continental units of the National Park Service. It should be viewed as highly conservative in that we focus on only a subset of NPS units and land types and use a moderate and constant discount rate to estimate future sequestration capacity.
We have not attempted to attribute this estimate due specific NPS interventions, because there is no existing nationwide inventory of NPS management activities and their associated costs. Additionally, since management actions are taken for a variety of reasons and achieve multiple objectives, it would be difficult to assess what portion of the cost should be assigned to actions preserving and enhancing carbon sequestration. Therefore the output should be viewed as simply the estimated and future tonnage/dollar value of the carbon sequestration occurring on NPS lands under the existing management practices supported by the current budget.
However, the study is significant in four respects.
First, it is the first serious study of economic value in NPS units that is related to its stewardship mission, rather than to visitation. There is a large body of literature related to the visitation 30 mission, but the vast activities of the agency related to stewardship, conservation and other functions have never been studied until now.
Second, the estimate is significant in relation to the annual federal appropriations for the National Park Service. Our estimate is that value of carbon sequestered in these lands is $707.86 million annually. Thus the benefits of just this one single ecosystem service returns about 28% of the NPS budget to the American public. Outside of the budget, another way to think about it is that the 17.5 million metric tons of CO 2 ssequestered per year in NPS units is equivalent to saving 2 billion gallons of gasoline per year from being released into the air.
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Third, the study demonstrates that without greater intervention by NPS, the amount of carbon sequestered in NPS units will decline due to global climate trends. This suggests that additional resources should be dedicated to undertaking mitigation efforts to reduce the rate of decline. An important future analysis would be to compute the incremental land management cost to the NPS maintain the current level of carbon sequestration versus the value of the future loss of future carbon sequestration.
Fourth, the methodology used to estimate the social benefits of the carbon sequestered in NPS units, can be applied to other public lands, including NPS lands in Alaska (when USGS completes its analysis of carbon sequestration) and other federal land management agencies such as the U.S. Fish and Wildlife Service, USDA Forest Service, NOAA, and other areas. This will further document the economic benefits of the federal government acting as a responsible environmental stewardship.
The NPS is an important custodian of our nation's ecosystems, from coral reefs to tundra. This study provides a new appreciation for the importance of the NPS stewardship mission in some of the areas it administers, and we hope our work will stimulate further study of the many additional ecosystem services the agency provides.
NECBs used in this study compiled from all the Great Plains, Eastern, and Western USGS Landcarbon Reports.
Please see text for a discussion of how these numbers were calculated. 
